Concerns have been raised about the capacity for Australia's natural gas supplies to keep pace with growing demand, particularly in eastern Australia. Specifically, it has been suggested that unless significant infrastructure investment is undertaken now the demand/supply balance situation in eastern Australia will deteriorate quickly as natural gas resources are depleted in the face of strongly growing demand.
INTRODUCTION
Australia's natural gas market has historically been characterised by regional markets. The state-based development of natural gas resources and transmission infrastructure, in concert with highly regionalised demand, led to the development of a concentrated supply structure with major demand centres, particularly on Australia's east coast, supplied by a single supplier or joint venture (Industry Commission 1991; Bush et al, 1999; Harman and Roberts, 2001) . Historically, the duplication of existing (monopoly) pipelines to bring alternative gas supplies to market was considered an unjustified cost. This was particularly so given that the production of natural gas and the development of transport infrastructure had substantially kept pace with demand, on the whole ensuring a balance between demand and supply. In effect, the large distances between gas fields and demand centres proved to be an effective barrier to inter-basin competition between producers. Only in the recent past, with the construction of the short interconnect linking south-eastern New South Wales with north-eastern Victoria and Duke Energy's Eastern Gas pipeline linking Gippsland to Sydney through Canberra and Wollongong, has Cooper Basin gas been traded in the Melbourne market and Gippsland Basin gas been traded in the Sydney market.
On the demand side, the combination of oil price shocks, natural gas discoveries and the development of gas transmission and distribution infrastructure, have all collectively provided the catalyst for significant growth in natural gas consumption in Australia during the past 25 years. Over that period, the consumption of natural gas in Australia increased by an average of 6.9% a year, almost tripling its share of total energy consumption. Looking forward over the medium term the consumption of natural gas in Australia is expected to continue to grow strongly, with primary consumption projected to increase by an average 3.8% a year between 2000-01 and 2019-20 (Dickson et al, 2003) . Gas consumption in Queensland (4.4% a year) and Western Australia (4.3% a year) are both projected to increase strongly, as is the largest end-use market of Victoria (2.7% a year). The first sales of natural gas to Tasmania also commenced in 2002-03, and are expected to increase to around 20 petajoules a year by 2019-20. Added to this, the outlook is also positive for exports of liquefied natural gas (LNG) which will draw on the significant resources of Australia's northwest.
Increasingly, however, concerns have been raised about the capacity for supplies to keep pace with growing demand, particularly in eastern Australia. In particular, it has been suggested that unless significant infrastructure investment is undertaken to bring gas supplies from Australia's north or northwest to the eastern market the balance between supply and demand in eastern Australia will deteriorate quickly as natural gas resources are depleted in the face of strongly growing demand.
The purpose of this study is to examine whether and when supplies in eastern Australia are likely to fall short of growing demand. To do this a modelling framework was developed building on ABARE's MARKAL model of the Australian energy system (see, for example, Dalziell et al, 1993; and Harman, 2000) and ABARE's most recent projections of Australian energy consumption trends (Dickson et al, 2003) . The model framework includes representations of potential sources of natural gas in Australia (domestic and international) , by basin (including coal seam methane), existing and proposed pipeline configurations and regional gas demands, by state.
The model is used to match (or balance) regional demands for gas to sources of supply (by basin), taking into account a range of relevant physical and economic factors.
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The balancing exercise was undertaken for a number of cases to test alternative supply-side assumptions and highlight the possible range of likely outcomes. As a point of clarification, in this paper the terms natural gas and gas are used interchangeably and are defined to exclude landfill gas and sewage gas. Coal seam methane (CSM) is referred to explicitly either as coal seam methane or by using the abbreviation CSM.
In the following sections an outline of the gas supply situation in Australia (including coal seam methane) is provided and covers reserves, production and transport infrastructure. This is followed by a description of the outlook for gas demand in Australia before the results of the supply and demand balance modelling are discussed.
NATURAL GAS RESERVES
Australia has abundant natural gas reserves. The location of Australia's principal gas reserves is shown in Figure 1 . Estimates of the total size of the reserves as at January 2001 and annual production from each reserve in 2000-01 are provided in Table 1 .
Gas reserves are located in all Australian states except New South Wales and Tasmania. The largest gas basins are the Carnarvon and Browse Basins (Western Australia), the Bonaparte Basin (Northern Territory), the Gippsland Basin (Victoria) and the inland Cooper-Eromanga Basin (South Australia and Queensland). Total Australian natural gas reserves (commercial and non-commercial reserves) as at 1 January 2001 are estimated to be 158,539 petajoules (Geoscience Australia 2002). (2002) as those reserves that have been proven (i.e. their existence has been proven) and can be supplied to markets on a profitable basis, based on current costs of production and the prevailing price of gas. Conversely, non-commercial reserves are defined as those that are recoverable, but are not yet profitable to produce. Of Australia's three largest identified reserves (Bonaparte, Browse and Carnarvon), only around 20% of the reserves are considered commercial by Geoscience Australia.
Australia also has substantial potential undiscovered or unidentified resources of natural gas in the Carnarvon, Bonaparte, Browse and Gippsland Basins. While these reserves have yet to be discovered, in 2001, Geoscience Australia estimated that, with a 95% level of probability, upwards of an additional 37,158 petajoules of natural gas exists in these basins (Geoscience Australia 2002) . The vast bulk of this gas was expected to be located in the Carnarvon Basin.
Over time, both the composition of reserves (the mix between commercial and non-commercial) and the overall quantity of identified resources does change. Advances in technology, reductions in costs and/or increases in gas prices can all improve the profitability of production and result in non-commercial reserves being upgraded to commercial reserves. Similarly, as geological knowledge increases, more gas reserves are discovered or proved-up, thus adding to overall identified resources. Both of these trends (changes in the composition of reserves and the overall increase in reserves) are evident in Figure 2 in which estimates of total Australian natural gas reserves since 1982 are presented.
Total identified natural gas resources in Australia are estimated to have increased four-fold in the last two decades, to around 120,000 petajoules. Annual production has also increased significantly over the same period (also shown in Figure 2) . At a regional level, however, growth in the resource base is less consistent as is evident in Figure 3 . Identified resources in the western and north-central areas of Australia have increased substantially over the last two decades, but known gas reserves in eastern Australia (including the Adavale, Bowen-Surat, Cooper-Eromanga, Gippsland, Bass and Otway Basins) have remained relatively static, at least since the mid-1990s.
For this study the assumption was made that, with the exception of the Otway and Bass Basins, the reserve estimates provided by Geoscience Australia (2002) (commercial and non-commercial) provide an accurate assessment of the resource base for the study period (2000-01 to 2019-20) . This reflects the fact that ABARE is not in a position to independently forecast the outcomes of current or future exploration activity, nor to revise the current estimates of Geoscience Australia. Nevertheless, as discussed above, it is almost certain that these current estimates represent a lower bound on reserves and that there will be future additions to Australia's identified resource base.
New information with respect to the Otway Basin suggests that the Geoscience Australia (2002) estimate of total reserves as at 1 January 2001 (521 petajoules) is low. In supplementary material accompanying the Commonwealth and Victorian state governments' 2002 release of new petroleum exploration areas in the Gippsland and Otway Basins, the Basin Studies Group of the Petroleum Development Branch, Victorian Department of Natural Resources and Environment, assessed the size of the Otway Basin reserve to be between about 1,700 and 2,400 petajoules, taking into account the recent discoveries of Thylacine and Geographe, coupled with the already established La Bella and Minerva finds (Woollands et al, 2002) . Information released by BHP Billiton on the Minerva gas field development indicates this field alone is assessed to have about 317 petajoules of gas reserves (P50) with field production expected to be 55 petajoules annually commencing in early 2004 (BHP Billiton, 2002) . Similarly, other participants in the Otway Basin are expected to commercialise their interests by as early as 2006. For the purposes of this analysis, we assume the Otway reserve has an overall capacity of 1,700 petajoules which is assumed to become commercial in 2004.
In the case of the Bass Basin, information provided by Origin Energy suggests processing facilities will be developed to deliver upwards of 20 petajoules a year of gas from the Yolla field into the has been assumed the Bass reserve will be commercially viable from this time.
In the modelling analysis undertaken two alternative sets of reserve assumptions were examined. The first case assumes all non-commercial reserves are upgraded over time to become commercial and hence, significantly increases the available resource base. The second case assumes future production will only be sourced from reserves that are currently classified as commercial by Geoscience Australia (2002) , though also including the assumed changes to the status of the Otway and Bass Basins in 2004. Both of these cases are extremes and are presented as such to highlight the range of potential outcomes and the importance (or otherwise) of the reserve assumptions to the overall gas demand and supply balance.
PRODUCTION
Another issue of particular importance to the demand and supply balance situation is the capacity to process and deliver gas to market. This is most critical in the case of gas supplies being sourced from the Cooper-Eromanga and Gippsland Basins, but nevertheless is also of relevance to the Otway and Bass supplies.
In the case of the Cooper-Eromanga Basin it is largely a question of whether production can be maintained at rates similar to current levels, or whether production will decline reflecting reduced reservoir deliverability and increasing extraction costs (for example, reflecting tight formation constraints). In 1999-2000 production was estimated to be 230 petajoules. Although this slipped to 211 petajoules in 2000-01 production again increased to 235 petajoules in 2001 -02 (DITR 2002 . Geoscience Australia classify the bulk of the Cooper-Eromanga reserves as commercial which might suggest similar production rates could be sustained in future, at least for some years to come. The most recent announcement by AGL regarding its new gas supply portfolio arrangements, and specifically that it has contracted to take up to 505 petajoules over a 15 year period from the Santos-led Cooper Basin producers, might also support this assessment (AGL 2002 ). An alternative view, however, is that production from the Cooper-Eromanga Basin will taper off in coming years, perhaps to as low as 150 petajoules a year by 2019-20. In this analysis, we examine the sensitivity of the results to differing assumed maximum annual production rates from the Cooper-Eromanga Basin.
In the case of Gippsland supplies, the principal issue is the capacity of gas processing facilities in southeastern Victoria and how much, if at all, capacity is likely to increase over time. Of course, any decision by investors to expand gas processing facilities will ultimately depend on expected returns and the underlying base of reserves is an important element of this. Assessments of the prospectivity of the Gippsland Basin vary considerably. Some estimates of the potential size of undiscovered reserves are as much as 2000-4000 petajoules, almost as much as the current reserve itself, potentially providing a firm un- derpinning for significant new investment in processing capacity. Further, future demand for Gippsland is unlikely to impose the same daily deliverability requirements on producers as current loads. To the extent that future demands have a lower load factor (such as would be the case with industrial sector demand or even demand from New South Wales) the requirements for new capacity would be moderated. In this analysis it has been explicitly assumed that the annual rate of production of gas sourced from the Gippsland Basin will not exceed 360 petajoules in the period to 2019-20. This caps any increase in annual production (and hence investment requirements) over the forecast period to around 50% on 2000-01 levels.
In the case of the Otway and Bass Basins, annual production rates have similarly been capped in line with market intelligence, again so as to avoid unrealistic investment outcomes. In the case of Otway supplies, annual production is assumed not to exceed 125 petajoules in the long run, while in the case of Bass gas annual production is capped at 20 petajoules from 2004.
NATURAL GAS PIPELINES
Another critical element to the issue of delivery is the pipeline network. As mentioned previously, historically the Australian natural gas market has been characterised by regional markets with limited interconnections. Within these markets, vertically integrated and publicly-owned statutory utilities characteristically operated in a monopoly market, in which the utilities purchased, transported and sold most electricity and gas (Industry Commission, 1991) . Increasingly, however, market reforms being pursued at both national and regional levels are delivering greater integration of regional gas markets through the construction of new gas pipelines and the removal of regulatory barriers to interstate gas trade.
For example, the short interconnect linking New South Wales and Victoria (via Wagga Wagga and Wondonga) commenced operation in 1999 and can carry upwards of 19 petajoules into Victoria or limited flows (around 8 petajoules) in the reverse direction into New South Wales. Similarly, the eastern gas pipeline connecting Longford in Victoria to Horsley Park near Sydney was commissioned in 2000 and moves gas from the Gippsland Basin to the New South Wales market. This pipeline is 795 km in length and has a current capacity of 65 petajoules a year. As well as the Sydney market, the pipeline also supplies gas to industrial and commercial customers in Canberra, Wollongong and regional areas of New South Wales.
Although both of these interconnections provide limited transfer capacity, and therefore limited competition to existing suppliers, the introduction of the pipelines demonstrate the principle of interstate trade and facilitate the development of competitive secondary trading in the eastern Australian gas market.
In this study of regional gas supply and demand balances, we model major existing and proposed transmission pipeline options in eastern Australia. The current capacity and assumed potential maximum capacity for these developments is outlined in Table 2 . The location of the pipelines is illustrated in Figure 1 .
When assessing options to supply gas to eastern Australia from Australia's north or northwestern regions a number of competing options present themselves. These include a Darwin to Moomba pipeline, a Papua New Guinea to Queensland and Moomba pipeline and even a transcontinental pipeline linking the North West Shelf to eastern Australia. The purpose of this paper is not to assess the relative economics or viability of these various options. Rather, a generic northern gas supply option has been modelled with the following characteristics:
• A minimum of 100 petajoules must be delivered to Moomba to underpin the project without relying exclusively on existing infrastructure (such as backhauling from Mt Isa through Ballera to Moomba). • The pipeline route may pass through Mt Isa with an optional pipeline linking Mt Isa to Townsville and Gladstone, however, supplying these markets is considered ancillary to delivering gas to the Moomba hub.
• The northern gas supplies are assumed to be relatively competitive with a delivered price to Moomba marginally above current contracts. • Northern gas supplies are assumed to be plentiful and are not resource constrained. This pipeline configuration is tangibly different from that assessed in Fainstein et al (2002) and specifically precludes the development of a major new pipeline on the strength of Queensland demand alone. As will be seen, this is one of the critical assumptions in determining the final results of the analysis.
COAL SEAM METHANE
Coal seam methane (CSM), which is also known as coalbed methane or coal seam gas, is methane that is trapped in the micropores of a coal seam and held there by high pressure from the surrounding rock and water. About 90% (Table 3) . It is estimated the New South Wales coal deposits contain around 2,560 billion m 3 of methane, which is the equivalent of almost 100,000 petajoules of energy (Brown et al, 1996) The Bowen Basin in Queensland is estimated to contain around 152,000 petajoules of energy equivalent (Davidson et al, 1995) . Comparing these reserve estimates with those for natural gas presented previously (Table 1) it is apparent CSM represents a potential resource that is over 10 times greater than all the conventional natural gas reserves in eastern Australia combined.
Existing major transmission pipelines PJ/yr
The principal impediments to the growth in the production and uptake of CSM in Australia include the cost of production and the flow properties, which differ significantly from natural gas. In the case of CSM, a producer's ability to increase (or in fact decrease) production is very dependent on geological factors and significant increases in flow rates are often commercially impractical. On the positive side, Australia's CSM resources are in close proximity to the Sydney and Brisbane markets, and thus enjoy some transport cost advantage over natural gas and particularly that sourced from western and northern Australia. In-line storage is another option being used to cost effectively match variable demands although the scope for this is relatively limited.
Current production of CSM in Australia is relatively small although this assessment is based on limited information. The Australian Gas Association reports an estimate of 12.3 petajoules for 2000, but this only covers one of the three producing areas in Queensland (AGA, 2001). The Appin and Tower collieries near Bulli are believed to produce an additional 7-8 petajoules. The proposed 220 MW base load gas fired power station near Townsville will also be supplied by CSM from the Bowen basin.
Given the limited information available on the economics and scope for CSM in Australia, in the demand and supply balance modelling presented here CSM is treated as an unrestrained supply source with annual production assumed to grow steadily to about 100 petajoules by 2019-20. Demand in Queensland is projected to account for around 60% of this total and New South Wales the remainder. This implies a relatively positive though not unrealistic growth in the contribution made by CSM to Australia's total gas supply situation over the medium term.
GAS DEMAND
The reference case for gas demand used in this study is sourced from ABARE's latest set of long-term energy projections (Dickson et al, 2003) and the reader is referred to this report for a detailed description of the projections. Overall, natural gas consumption is projected to increase by around 3.8% a year over the period 2000-01 to 2019-20. This growth rate is entirely consistent with that experienced over the past decade and remains relatively strong when compared with growth in the other major primary fuels, coal and oil. Coal consumption in Australia is forecast to grow by around 1.2% a year over the period from 2000-01 to 2019-20, while oil consumption (largely underpinned by growth in the transport sector) is forecast to grow by 2.1% a year over the same period. By 2019-20 gas is projected to account for around 25% of total Australian energy consumption.
On an industry-by-industry basis, gas use in the mining and electricity generation sectors is projected to increase strongly (4.3 and 4.0% a year respectively), while gas use in the manufacturing, commercial and residential sectors is only forecast to increase by 3.7, 2.6 and 2.5% a year, respectively (Table 4) .
The reference case assumptions for gas consumption, on a state by state basis, are also presented in Table 4 . Consistent with the outlook for strong overall growth in energy consumption in Western Australia and Queensland-reflecting the concentration of a range of energy intensive minerals and resource processing industries in these states-the demand for natural gas in these states is also projected to growth relatively strongly. Gas consumption in Queensland is forecast to increase three fold, while consumption in Western Australia is set to more than double.
In 2000-01, Australia exported 413 petajoules or about 7.6 million tonnes of LNG from the North West Shelf project in Western Australia. ABARE's latest assessment is for Australian LNG exports to increase to 20 million tonnes by 2010-11 and then to increase further to 26 million tonnes by 2019-20.
The development of a GTL industry is incorporated in the reference case, but the growth assumed is relatively modest and occurs exclusively in Western Australia and 
MODELLING RESULTS
Initially the balancing of eastern Australian gas demand and supply was modelled using a set of supply assumptions which included the following:
• Production from the Cooper-Eromanga field was fixed to decline from 235 petajoules in 2001-02 to 190 petajoules by 2019-20, ostensibly to reflect reduced reservoir deliverability and increasing extraction costs; • Production from the Gippsland Basin was bounded to a maximum of 360 petajoules a year in the period to 2019-20; • Production from the Otway and Bass Basins were similarly bounded to maximas of 125 and 20 petajoules a year, respectively; • Total Australian coal seam methane supplies were fixed, increasing from 34 petajoules a year in 2000-01 to 100 petajoules a year in 2019-20; and • A northern pipeline option was required to deliver a minimum of 100 petajoules to the Moomba hub. For simplicity we refer to these assumptions collectively as the standard set of supply assumptions.
Under these supply assumptions (and the first set of reserve assumptions where all reserves are available) eastern Australian supplies of natural gas are sufficient to meet projected demand up to and including the period 2011-12. In Table 5 the estimated supply and demand balance for eastern Australia is outlined. The numbers for estimated production by basin are modelled results and for consumption by state are based on ABARE's most recent medium term energy projections. Importantly, it can be seen that, in 2011-12, production from the Gippsland, Cooper-Eromanga and Otway basins are all at or near the upper bounds specified.
In 2012-13, however, supplies fall short of projected demand by around 20 petajoules with this shortfall increasing thereafter and therefore a northern supply option is required to balance projected eastern Australian gas demand. This shortfall is illustrated in Figure 4 which compares total maximum eastern Australian supplies (that is, production from each of the main basins set at their assumed upper bounds) with projected demand. Bringing northern gas south in 2012-13 (remembering the northern pipeline option is required to deliver a minimum of 100 petajoules to the Moomba hub) results in production from the Gippsland and Otway Basins falling slightly to accommodate the new supplies. Production from Gippsland and Otway, however, then increases to match projected growth in demand and by 2019-20 production from each of the major eastern Australian basins approaches the upper bounds specified. In 2019-20 177 petajoules of gas is estimated to flow from the north into the eastern market with 100 petajoules being delivered to the Moomba hub; the remainder is delivered to Mt Isa and the Queensland coast, via Townsville.
Increased supply case
Relaxing the standard set of supply assumptions used above buys the eastern market some more time. For example, if production from the Cooper-Eromanga field were assumed to remain at current levels (235 petajoules a year) rather than trending down, the additional supplies available (almost 28 petajoules) are sufficient to meet projected demand in 2012-13. Despite this adjustment to deliverability from the Cooper-Eromanga field, there is still a shortfall of 10 petajoules in 2013-14 and almost 38 petajoules in 2014-15. Allowing annual production from the Gippsland Basin to increase above the bound of 360 petajoules a year to 400 petajoules a year, would provide the gas required to balance 2013-14 and 2014-15. To entirely meet projected eastern Australian gas demand in 2019-20 in this manner (i.e. by drawing exclusively on eastern Australian resources), an additional 92 petajoules of gas is required in 2019-20 from either the Gippsland, Cooper-Eromanga, Otway or Bass Basins, or some combination of all four. Assuming there were no further increases in production from the Cooper-Eromanga (235 petajoules), Otway (125 petajoules) or Bass (20 petajoules) Basins, or indeed any additional coal seam methane (100 petajoules), production from Gippsland would need to total 492 petajoules in 2019-20 to meet projected demand. Even if such an output were possible from the Gippsland Basin, the availability of commercial reserves and pipeline constraints potentially preclude this outcome (discussed further below).
Toward the end of the study period (2014-15 to 2019-20) the supply and demand balance is increasingly sensitive to a range of network constraints. For example, constraints imposed by contract demand assumptions (such as might be imposed to ensure minimum commercial flows of gas through the eastern Australian pipeline or the Otway to Adelaide pipeline) begin to cause difficulties. A particular issue highlighted is the need to deliver gas in sufficient quantities to the Victorian (Melbourne) market. Only by allowing the modelling framework to freely optimise the supply network (and in this case, to use residual Otway gas to satisfy Victorian spot market demand) was a feasible solution achieved to 2019-20. In practice the projected growth in gas demands is pushing the boundaries of the current transport network specification. More work on the pipeline network would be required to draw more robust conclusions about optimal pipeline developments in the future.
Alternative reserves case
In the case where the standard set of supply assumptions was used there are sufficient quantities of gas to meet projected demand in 2011-12 under both reserve scenarios. That is, the results are the same whether we assume all non-commercial reserves are upgraded over time to become commercial or we assume future production is only sourced from reserves which are currently classified as commercial (including the Otway and Bass adjustments). Similarly, in the case where the standard supply assumptions are relaxed (but where eastern Australian resources are still used exclusively) 2014-15 demands can be supplied under both reserve scenarios although commercial reserves, especially in the Cooper-Eromanga Basin, are nearing depletion (the smaller Bowen-Surat Basin is already depleted in 2011-12). Continuing this case forward, all current commercial reserves in eastern Australia are effectively depleted in 2016-17 and there are insufficient commercial reserves to meet projected demand in 2017-18. Only by accessing non-commercial reserves is it possible to balance projected demand beyond 2016-17 without a supplementary supply source.
In the case where a northern supply option is included, existing commercial reserves last a little longer. In this case there are sufficient supplies to meet projected demand in 2017-18 but insufficient in 2018-19. As mentioned previously, however, it is almost certain that the current estimate of commercial reserves represent a lower bound and there will be future additions to Australia's identified resource base.
CONCLUSIONS
The principal constraint to balancing eastern Australian gas demand and supplies over the longer term is not the availability of commercial reserves, but rather deliverability from the eastern Australian gas basins. Consequently, the eastern Australian market will be increasingly dependent on new sources of supply in the future if not within the next decade.
